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INTRODUCTION
Malaria is a tropical disease, largely confined to underdeveloped regions of the globe, which has been traditionally neglected by pharmaceutical industries yet represents a serious world health problem. 1, 2 Primaquine (PQ) is effective against the liver stages of all types of malaria parasites and is used to prevent relapses of malaria and for prophylaxis of individuals returning from malaria affected areas. [2] [3] [4] PQ is the drug of choice for the radical cure of Plasmodium vivax and P. ovale malaria, although has serious dose-dependent side effects. 5 The long treatment time with PQ can cause poor patient compliance and lead to periods of sub-therapeutic concentration in plasma, promoting the development of drug resistance. 6 Baird and Hoffman confirmed that there is widespread resistance to PQ therapy, whose dosage is 15 mg base daily for 14 days. 4 On the other hand, clinical trials of 30 mg/day PQ base had protective efficacy mainly against P. falciparum and P. vivax. After a 15 mg oral dose of PQ, a mean peak plasma concentration of 65 ng/mL is achieved within 1-2 h. The drug is rapidly excreted in urine, with a plasma half-life of 4.4 h. 7 Due to its short biological half-life and adverse effects, PQ seems to be an ideal candidate for extended release tablets.
Consequently, the development of PQ/polyethylene oxide matrix tablets is under investigation by our research group aimed at improving treatment efficacy and reducing the limitations of existing therapies. [8] [9] [10] Polyethylene oxide (PEO) was the hydrophilic polymer chosen due to its non-toxicity, nonionic nature and acceptable compatibility. 11 In vivo data has demonstrated that total PQ exposure in beagle dogs was 2.2 times higher (area under curve of 12 193 versus 5678 ng h/mL) with the matrix extended-release tablets compared with the immediate-release tablets. 12 The dissolution procedure is currently used for development and optimization of drug formulations and dissolution profile comparisons. It must be appropriately discriminating, capable of distinguishing significant changes in quality, composition or manufacturing process of the product that might be expected to affect in vivo performance. 13, 14 PQ is commonly found in the market as immediate release tablets. There is no method defined for dissolution testing of extended-release tablets. The creative use of dissolution techniques can speed up the initial stages of formulation development, particularly in the case of extended-release products, enabling prompt identification of potential problems in drug release rate. 15 A dissolution test with good precision, for example, makes it possible to efficiently compare different alternative formulation candidates to select the dosage form with the most suitable and reproducible drug release profile. 15 In this context, the aim of the present work was to develop and validate an appropriate dissolution test for PQ matrix tablets according to current ICH 16 and FDA 17 guidelines.
EXPERIMENTAL

Chemicals and reagents
PQ reference standard was purchased from U.S. PharmacopoeiaRockville (USA) and raw material was donated by Fundação Oswaldo Cruz /Far-Manguinhos. Polyethylene oxide (PEO) of molecular weight (M w ) of 4 x 10 6 and 8 x 10 6 Da (Sigma Aldrich) was used as the hydrophilic polymer. The other excipients were microcrystalline cellulose (Avicel ® PH-102; Blanver), colloidal silicon dioxide (Aerosil ® , Galena), talc (Charles B Chrystal Co., Inc.) and sodium stearyl fumarate (Pruv/Penwest Pharmaceuticals). Ultrapure water was obtained from a Milli-Q ® apparatus, methanol and acetonitrile HPLC grade were purchased from Vetec (Brazil) and perchloric acid was of analytical reagent grade. Monobasic potassium phosphate , sodium hydroxide and hydrochloric acid were obtained from Nuclear (Brazil). Buffer solutions were prepared according to USP 30.
13
PQ/PEO matrix tablets
Four formulations named F30P4, F30P8, F60P4 and F60P8 were prepared by directly compressing physical mixtures of the drug, polymer and excipients, maintaining a total mass of 175 mg (Table  1) . Tablet hardness was kept constant at 7 ± 0.5 Kgf (n = 10) and there was no statistically significant difference among the weight of tablets (174.4 ± 2.1 mg; p > 0.05) or drug content values (52.7 ± 1.5 mg; p > 0.05).
Instrumentation and analytical conditions
The dissolution tests were performed on a VK 7000 multi-bath (n = 6) dissolution tester (Varian, USA), in accordance with USP general methods. 13 UV analyses were performed on a UV-Vis Spectrophotometer (Cary-50, Varian, USA) using 1 cm quartz cells. The blanks used were water for UV Method I, and 0.1 M hydrochloride acid for UV Method II.
The HPLC analysis was performed on a Shimadzu LC-10A system (Kyoto, Japan) equipped with a LC-10AD pump, SPD-10AV VP UV detector, SCL-10A VP system controller, DGU-14A degasser, CTO-10AS VP column oven, and Rheodyne 7125 valve with a 20 µL loop. The detector was set at 254 nm and peak areas were integrated automatically by Shimadzu Class VP â V 6.14 software. The column used was a RP-C18A Merck (150 x 4.6 mm -5 µm). The mobile phase constituted acetonitrile:methanol:1 M perchloric acid:water (33:6:1:87, v/v/v/v). The flow rate was 1.0 mL min -1 . This quantitation method was previously validated according to the ICH guideline. 9, 16 A potentiometer (330i, WTW, Germany) was used to determine the pH of all solutions. Tablet hardness was measured on an OFF Tec hardness tester (Galileo, Brazil). The ultrasonic bath used for deaeration was a model USC (Unique, Brazil) and the centrifuge was a Laboezentrifugen 2-15 (Sigma, Germany).
Development and validation of the dissolution test
According to the USP recommendations, the solubility and stability of PQ were determined in 3 different dissolution media, as follows: 0.1 M hydrochloric acid (pH 1.2); water (pH 4.2), and 0.05 M phosphate buffer (pH 7.4). 13 Solubility was assessed taking into account the assurance of sink conditions, defined as a volume of medium at least 3 times that required in order to obtain a saturated solution of drug substance. 13 Stability was evaluated for at least 24 h in all dissolution media. The solutions were kept at 37 °C during the test period, and subsequently peak area and degradation product formation was verified by HPLC using a previously validated method. 9 For dissolution tests, 900 mL of each medium were deaerated for 15 min prior to use and maintained at 37 ± 0.5 °C. The USP apparatuses, paddle and basket, were used at stirring speeds of 50 and 100 rpm, respectively. The 4 formulations were tested in each combination of dissolution media and apparatuses in 6 replicates.
The multiple time point dissolution was stopped at 24 h. At specific time intervals, 10 mL samples were manually withdrawn from the dissolution medium and replaced with fresh medium to maintain a constant volume. These aliquots were immediately centrifuged and the measurements were performed by UV spectrophotometric methods.
Dissolution profiles (n = 6) were obtained by plotting percent drug release versus time. The equivalence between dissolution profiles of PQ tablets was evaluated using the similarity factor (f2) and dissolution efficiency (DE).
The similarity factor was introduced by Moore and Flanner, in 1996, 18 and is defined as follows: (1) where n is the number of dissolution sample times, and R t and T t are the individual percentages released at each time point, t, for the two dissolution profiles. The DE concept is calculated from the area under the curve (AUC) of the dissolution profiles, being expressed as:
19 (2) where Y is the percent drug release in function of time and Y 100 the percentage of the curve at maximum dissolution, over the time of total assay, T.
The calculations were performed for each individual vessel of the dissolution profiles. Analysis of variance (ANOVA) was applied to estimate significance of DE differences. In addition, for the evaluation of quantitative effects of the differences, Tukey-Kramer HSD (Honestly Significant Difference) method was used. The statistical analyses were performed using a 5% level of significance.
After selection of the best test conditions, the repeatability (intra--day) and intermediate precision (inter-day) of the dissolution method was assessed. Repeatability was evaluated by assaying drug release from the F60P8 formulation in 6 vessels at predetermined times. The intermediate precision was assessed by comparing the repeatability assay on 3 different days. Results were expressed as relative standard deviation (R.S.D.) of the released percentage of PQ.
Validation of the UV assaying methods
A 200 µg mL -1 standard solution of PQ was obtained by dissolving 20 mg of the reference standard in distilled water (for UV Method I) or in 0.1 M hydrochloride acid (for UV Method II) placed into a 100 mL volumetric flask. Appropriate amounts of this solution were transferred to volumetric flasks and diluted with water or acid, yielding concentrations of 4, 6, 8, 10 and 12 µg mL -1 . Calibration curves were constructed by plotting the concentration of PQ versus corresponding absorbance, and linearity was calculated by using an appropriate least-square regression program. The precision of the method was evaluated by performing 6 replicate injections of a PQ solution (8 µg mL -1 ) in distilled water (for UV Method I) or in 0.1 M hydrochloride acid (for UV Method II) on the same day (intra--day precision), and during 3 different days (inter-day precision). For accuracy evaluation, 10 tablets (F60P8) were weighed, finely powdered and a sample equivalent to 20 mg of PQ transferred to a 100 mL volumetric flask and dissolved in ultrapure water, obtaining a 200 µg mL -1 PQ solution. Aliquots of 2 mL (200 µg mL -1 ) were placed into 100 mL volumetric flasks containing 2, 3 and 4 mL of PQ standard solution (200 µg mL -1 ). Distilled water (UV method I) or 0.1 M hydrochloride acid (UV Method II) was added in order to obtain final concentrations of 8, 10 and 12 µg mL -1
. Percent recovery was determined in triplicate. The specificity of the method was evaluated by analyzing matrix tablets without PQ (placebo F60P8 formulation) under the selected dissolution conditions.
RESULTS AND DISCUSSION
The selection of media composition for dissolution testing was based on the pH range from 1.2 to 7.5 for extended-release oral formulations. 13 The media tested were 0.1 M hydrochloric acid pH 1.2, water pH 4.2 and 0.05 M phosphate buffer pH 7.4. The buffer solution and diluted acid are related to physiological conditions. 20 Leeson 21 reported that water impairs the release of active ingredients from some products and therefore good dissolution in water indicates even better in vivo release. Moreover, as far as hydrophilic matrices are concerned, water may be a more discriminative medium than those more similar to gastrointestinal conditions. Aqueous medium can allow a better comprehension of matrices behavior, such as swelling, water uptake and erosion mechanisms. On the other hand, Noory and co-workers 22 stated that water lacks a buffering capacity and thus the pH of the medium may change as the drug dissolves, altering sink conditions. However, in the present work, few changes in pH were verified in the aliquots of the dissolution profiles obtained in water medium, as evident in Figure 1 . Therefore, loss of buffering capacity was not relevant. The relative standard deviation (R.S.D.) of the measurements were < 5% with pH values ranging from 4.2 to 4.9 (pH 4.65 ± 0.23 for F30P4; pH 4.67 ± 0.22 for F30P8; pH 4.62 ± 0.16 for F60P4; pH 4.58 ± 0.19 for F60P8).
Although not expected in terms of a prolonged release, 0.1 M hydrochloride acid is also a medium that correlates well with in vivo performance, since hydrophilic matrices may remain for a long period in acid conditions. The polyethylene oxide polymer making up the hydrophilic matrices, swells to a greater extent and tends to form a stronger gel upon hydration, which is bioadhesive and thus can prolong the permanence of the tablet in the stomach. 11 During the selection of the medium, the solubility characteristics of the individual active ingredient must be considered. The evaluation of PQ solubility confirmed that sink conditions are obeyed in acid, basic and aqueous media. The representations of drug dissolved in 0.1 M hydrochloride acid, water and 0.05 M phosphate buffer during the test period are shown in Figure 2 . The PQ showed stability in acid and aqueous media, and instability in phosphate buffer (approximately 15% decay in drug assay). According to the literature, the acceptable range of solution stability is 98-102%. 23 In fact, the HPLC analysis showed the presence of an additional peak, probably related to a degradation product of PQ, after analysis of 0.05 M phosphate buffer samples (Figure 3) . Consequently, phosphate buffer cannot be considered an ideal medium, whereas acid and water media were selected for further studies.
In order to employ the spectrophotometric method for drug assay during dissolution in both selected media, it was validated with results given in Table 2 . Standard solutions (10 mg mL -1 ) were scanned and the UV spectrum showed two maximum absorbances for PQ occurring at 205 and 260 nm for UV method I (aqueous) and at 224 and 282 nm for method II (acid). No interference from the sample excipients were observed at these detection wavelengths. Therefore, 260 and 224 nm were selected as the most appropriate wavelengths for analyzing PQ with suitable sensitivity. The methods were linear in the 4-12 mg mL -1 range following Beer's law. The least square regression data showed an excellent correlation coefficient (R 2 > 0.99) and y-intercepts that were not significantly different from zero at the 95% confidence level. Precision data indicated satisfactory intra-day and inter-day variability. Experimental values obtained in the recovery test indicated good agreement between both added and found amounts, confirming the accuracy of the methods.
Several types of dissolution apparatuses are described in the current USP 30 13 where apparatuses 1 and 2 are the most widely used for oral solid dosage forms. The basket method (apparatus 1) is routinely used for capsules at agitation speeds of 50 and 100 rpm, while the paddle method (apparatus 2) is mainly used for tablets at 50 and 75 rpm. 24 For a hydrophilic system that swells during dissolution, the USP apparatus 1 is usually not recommended because the matrix may clog the holes in the basket, impairing the hydrodynamics of the test. 25 However, researchers observed that the basket apparatus at 100 rpm allowed better contact of tablet with medium compared to the paddle apparatus, favoring drug dissolution. This effect was attributed to the full exposure of all surfaces of hydrophilic swelling tablets and appropriate hydrodynamics. 26 The FDA recommends mild agitation conditions and, in particular, for the paddle apparatus, a stirring rate of 50 rpm is suggested. 27 In addition, most USP monographs considering extended-release tablets indicate this same stirring rate. Therefore 50 rpm was chosen for the study. Moreover, the PQ immediate-release tablet monograph consists of 900 mL 0.1 M hydrochloride acid with a USP apparatus 2 at 50 rpm 13 where this standard dissolution test method can be appropriate for both technologies.
Therefore, both apparatuses, basket at 100 rpm and paddle at 50 rpm, were tested for each medium and formulation.
Visual observation of tablet behavior in the dissolution vessel is an important tool during the development of a method. Upon using the basket apparatus, a completely dissolved tablet was observed at the end of the test, whereas with the paddle apparatus, a residue of tablet remained in the vials. Due to adhesive properties of the tablets, they tended to affix themselves to the bottom of the vials, hampering drug dissolution. This behavior has also been observed for non-modified release dosage forms and should be considered in the validation. 28 In addition, the paddle apparatus at 50 rpm may provide worse hydrodynamics in the dissolution vessel than the basket at 100 rpm. This less effective hydrodynamic is sometimes reported. 29, 30 A general increase in the dissolution rate and extent was observed for all formulations using the basket apparatus under strong agitation conditions (100 rpm) compared to the values obtained using the paddle at 50 rpm (Figures 4, 5, 6 and 7 ). This result was confirmed by the increased dissolution efficiency values (Table 3) . Table 3 shows the following pattern of DE values: F30P8 > F30P4 > F60P4 > F60P8 and the results of ANOVA showed that all DE values differed significantly (p < 0.05), but did not indicate which differences should be considered. In order to verify the significance Table 2 . Linearity, precision and accuracy data obtained in the validation process of UV spectrophotometric methods of the differences, a pairwise comparison between formulations using the Tukey-Kramer test was performed ( Table 4) . The results obtained confirmed the existence of statistically significant differences between mean DE values of the formulations. Considering these results, all dissolution methods were therefore able to discriminate between formulations with varying amounts and molecular weights of polymer. Nevertheless, the comparison of DE results addressed mainly the statistical differences rather than pharmaceutical differences, overestimating the discriminative power of the methods, as seen from the profiles in Figures 4 to 7 . The comparison was therefore complemented by f2 analysis.
The f2 values comparing the formulations under different dissolution test conditions were calculated from the means of percent released at each time point. The number of points was limited to no more than one after 85% dissolution, as recommended by the FDA. According to the FDA guidance, values of f2 between 50 and 100 ensure equivalence of the two dissolution profiles. 27 The dissolution profiles of F30P4, F30P8, F60P4 and F60P8 obtained in the hydrochloride medium (for both apparatuses and rotation speeds: paddle/50 rpm and basket/100 rpm) were considered equivalent to each other as shown in Table 5 . On the other hand, in aqueous medium, using a paddle at 50 rpm, the F60P8 formulation was not considered similar to F30P4 or F30P8. In addition, in aqueous medium, using a basket at 100 rpm, the F60P8 formulation was not equivalent to the F30P4. These results demonstrate that water medium was more discriminative than acid medium, since the aqueous medium distinguished variations in the matrix tablet compositions, as differences in percentage and molecular weight of the polymer. Besides its discriminative ability, water is a simple and convenient medium.
Considering the discriminative power of the water medium and the general increase in the dissolution rate and extent observed for all formulations upon using the basket apparatus at 100 rpm, this dissolution condition was selected. 31 Three time-points were specified for the dissolution test. 13 The first point, at 1 h, was included to ensure that the product did not show excessive early release (dose dumping). At 1 h, an amount of between 15 and 30% should be released. In order to define the release profile of the product, a middle time-point, 4 h, was selected allowing for an amount released of between 50 and 70%. The final time point of 8 h was chosen considering that no less than 80% should be delivered within this time.
In order to conclude the validation of the proposed method, the dissolution method selected was assessed with respect to repeatability and intermediate precision. The formulation containing the greatest PEO amount and highest molecular weight (F60P8) was elected as the "worst case", due to its lower dissolution efficiency and greater tendency to fail the criteria specified for the three time-points. As evident in Table 6 , the established criteria were fulfilled by the F60P8 formulation and the experimental values indicated satisfactorily low variability in data, with R.S.D. < 3%. 
CONCLUSION
The formulations developed (F30P4, F30P8, F60P4, F60P8 ) containing 30 or 60% (w/w) polymer of two molecular weights (4 x 10 6 or 8 x 10 6 Da), did not exhibit marked differences between the dissolution profiles after visual analysis. This is related to the high aqueous solubility of PQ, hampering the ability of the dissolution methods to discriminate between formulations.
The dissolution efficiency (DE) of formulations varied from 69 to 88% in different medium and apparatuses and allowed differentiating formulations with respect to polymer content and molecular weight. The comparison was supplemented by similarity factor (f2) analysis which addresses pharmaceutical differences rather than statistical differences. The F60P8 formula had the worst DE (69.48%) and the f2 analysis showed that the F60P8 formulation differed to F30P4 and F30P8, in aqueous medium using a basket and a paddle, respectively, indicating that water was a more discriminative medium.
The cumulative percentage of released drug at 1, 4 and 8 h obtained using the basket apparatus at 100 rpm in 900 mL of water medium was considered the best dissolution test condition. The experimental condition proved to be simple, precise, specific, repeatable and discriminative and also guaranteed drug stability. Therefore, a dissolution method was successfully developed and validated for PQ matrix tablets.
